The aim of the present review is to combine knowledge of locomotor activity rhythms with that of compass orientation in littoral arthropods. Talitrid amphipods (the sandhoppers) represent a good biological model in the fields of animal orientation and biological rhythms.
INTRODUCTION
The littoral environment is inhabited by many forms of arthropods, each characterized by particular ecophysiological requirements. Their spatial and temporal distribution has been investigated at the population level, although the studies are not very numerous. The littoral environment, especially a sandy beach, is largely characterized by a two-dimensional space, easily represented by two Cartesian axes: the X axis, corresponding to the shoreline, and the Y axis, corresponding to the sea-land direction. Numerous factors characterize the littoral environment and are often present in an intensity gradient, especially along the Y axis; they act differently, but constantly, on all the organisms. Indeed, the sandy and rocky littoral environments are ecotones in which periodic and non-periodic factors of biotic and abiotic stress are particularly strong, so much so that they condition and modulate many of the physiological and behavioural activities of organisms (see [1] [2] [3] [4] . The distribution of these stress factors is certainly more intense along the Y axis: tidal alternation, waves, arrival of predators, and variations of temperature, salinity and oxygen are some of the main factors acting on littoral organisms. Some organisms tend to remain in the ecologically advantageous zone without moving horizontally, mainly using physiological compensation mechanisms. Others need to maintain a certain spatial position that preserves stable ecological characteristics. Thus they perform excursions along the Y axis of the shore in phase with the alternation of periodic stress factors or in relation to non-periodic factors.
Many studies concern the presence and function of locomotor activities with various types of periodicity (daily, circadian, tidal, lunar, circalunidian, etc.) which anticipate stressful environmental changes (for a review, see [5] [6] [7] [8] . Many others deal with the identification of orientation factors and the mechanisms used during homing or zonal recovery (see [9] [10] [11] [12] . Littoral arthropods, e.g. crabs of the genera Carcinus and Uca (5, 13) , as well as various species of isopods and amphipods (6, (14) (15) (16) (17) (18) , represent classic examples of these types of studies. Therefore, another review of this topic would seem to be of little interest. Instead, the relationship in littoral arthropods between the biological clock controlling the periodic cycle of locomotor activity and the mechanism of chronometric compensation for the astronomical orientation references has long been neglected. The purpose of this review is to briefly examine the current knowledge about rhythmic locomotor activity and then to devote more attention to the orientation ability and use of astronomical orientation Figure 1 . Locomotor activity rhythm of T. saltator adults. A, in constant conditions for 50 days (sample size = 50). Abscissa, hours of the day; ordinate, time in days. The gray area indicates the period of activity of the individuals in free running conditions (from 35 modified). The insets show the activity of sandhoppers the first and the last day of experiment. B, relationship between variation of the hour of dawn and dusk during the year and the phase-shift in locomotor activity. The limits of the gray area indicate the beginning and end of the activity. SR, sunrise, SS, sunset (from 37 modified). C, semilunar locomotor activity rhythm. On the abscissa, time expressed as lunar phases; on the ordinate, total daily locomotor activity (from 39 modified).
factors in a group of crustaceans, the talitrid amphipods; they are not only highly representative of the sandy littoral environment, but also constitute an excellent biological model for various types of studies.
LOCOMOTOR ACTIVITY RHYTHMS
It has been known for a long time that supralittoral amphipods are mainly nocturnal animals (19) (20) (21) (22) . However, the first quantitative (albeit preliminary) laboratory investigation of the locomotor activity cycle in Talitrus saltator and Talorchestia deshayesii was conducted by Ercolini (23) . In field studies using fall-traps positioned at various distances from the shoreline, Geppetti and Tongiorgi (24) showed that T. saltator in Italy emerges at the surface of the wet band of sand near the water at sunset and performs landward migrations perpendicular to the shore to feed at night. The length of the migration (from a few tens of meters to more than 100) seems to depend mainly on the environmental humidity and temperature of the sand. This has largely been confirmed in recent studies (25) (26) (27) (28) . The return migration begins at the first light of dawn and ends in the early hours of the morning. Young individuals show a spatially reduced activity with respect to adults in T. saltator, and in Orchestoidea tuberculata also the phasing of activity differs in juveniles and adults (24, 29) . Non-periodic factors, like rain or strong waves, can induce diurnal activity in sandhoppers. However, in regions with strong tides, T. saltator and other sandhoppers migrate a few meters toward the sea to forage in the intertidal zone, although the migration is reduced or absent in conditions of high tide or abundant food in the wet zone (21, (30) (31) (32) . The extensive study of sandhopper activity rhythms by Bregazzi and Naylor (30, also see 6) conducted in constant conditions clearly showed an endogenous circadian rhythm with nocturnal periodicity in T. saltator. It is regulated by the light-dark alternation and is independent of the tidal rhythm. Temperature variations within the natural range do not alter the function of the mechanism, although Pardi and Grassi (33) and Bregazzi (34) found that prolonged exposure to low temperatures (2-6°C) could influence the chronometric mechanism of solar orientation and locomotor activity. More recently, Williams (35) showed that in constant conditions (free running activity rhythm) the activity period of T. saltator remains very stable for many days (up to 50, figure 1A ) and that the photoperiod, particularly dawn (36) , is the main factor of locomotor activity synchronization: in the laboratory, the phase of the rhythm only changes in relation to the shifting hour of dawn (figure 1B). The circadian rhythm of locomotor activity varies during the year; in fact, the peak of locomotor activity presents a constant phase-angle relationship with the hour of dawn (36, 37) . Moreover, dawn is recognized as such by T. saltator, albeit with some individual variability, by an irradiance level of around 1-10 lux (36 , also see 38) independently of the duration of twilight. Yet this probably cannot be generalized to all sandhoppers, since the entraining stimulus for Talorchestia deshayesii seems to be dusk (cf 37). Williams (39) also identified a variation in total daily locomotor activity of T. saltator with a circasemilunar rhythm ( figure 1C ) which, given the absence of a tidal rhythm, should be considered endogenous. In Talorchestia quoiana of New Zealand tested in constant conditions, a circatidal rhythm of locomotor activity seems to be present along with the circadian rhythm (40) . Unlike in other crustaceans (see 8) , there are no clear indications of circalunidian activity rhythms in amphipods.
There have been no studies of the location of the internal clock controlling the circadian rhythm. However, from experiments with selective cooling of different parts of the body conducted on the estuarine amphipod Corophium volutator, it seems that control of the circatidal rhythm of swimming activity is due to two different oscillators located in the supra-and subesophageal ganglia (41, 42) .
CLOCK-CONTROLLED ORIENTATION

The sun compass
Various authors have demonstrated visual orientation responses (related to simple phototaxis and scototaxis) dependent on the circadian rhythm in T. saltator (figure 2) (43) (44) (45) . However, many species of sandhoppers are certainly better known for their ability to use astronomical orientation references in zonal maintenance.
T. saltator was the first invertebrate species in which the ability to use the sun in zonal orientation was demonstrated, and one of the first animals in which the existence of the sun compass has been confirmed (46) . This mechanism is composed of a reference direction, in littoral animals corresponding to the Y axis of the shore (toward the sea if partially dehydrated, toward land if in water, figure 3A), and a chronometric part that allows variation of the angle of orientation with respect to the sun during the day, thus theoretically maintaining the ecologically effective direction (chronometric photomenotaxis). Figure  3B -E shows the results of releases in a confined environment (a transparent plexiglas bowl, see 48, for details). It is evident that individuals allowed vision only of the sky and sun maintained a virtually constant mean direction independently of the hour of the release (figure 3B, C). As shown by Papi (49) and Pardi and Grassi (33), if we subject the sandhoppers to a light:dark rhythm corresponding to the natural one in duration but clockshifted by several hours ( figure 3D ), we will obtain a corresponding deflection of their orientation. Figure 3E illustrates that individuals subjected to a L:D = 12:12 rhythm of artificial illumination for 1 week, anticipated by 6 hrs with respect to the natural one, showed a deflection toward the theoretically expected direction of 114°, thus very near to the 90° expected on the basis of the number of hours of clock-shifting and the season in which the experiment was conducted. An experiment in which individuals of the same italian population were released in Italy and in Argentina (49) showed that the ability to compensate for the apparent movement of the sun is not based on local references. It should be noted that the ability of solar orientation is maintained for months in adult individuals kept in captivity with artificial illumination (50) and is still present in adults kept in complete darkness for 17 days (51). The biological clock regulating the hourly compensation for the apparent motion of the sun is not affected by temperature variations, unless they exceed rather wide limits (33, 34) and it is active throughout the 24-hour period (52) . Indeed, the mechanism of solar compensation is also active at night (as in bees and other arthropods, 53-55). As shown by Pardi (52) releasing sandhoppers clock-shifted by 12 hours during the day (and thus exposed to the sun during their subjective night), at night, sandhoppers compensate for the movement of the sun that passes not to the North (as in bees) but, after setting in the West, returns to the East by passing to the South. Therefore, compensation for the apparent solar motion is regulated by an endogenous circadian timing mechanism working throughout the 24-hour period.
Modality of compensation for the apparent solar motion
At any given latitude, the azimuthal speed of the sun's apparent motion varies during the year and at different times of the day. At equatorial latitudes in particular, these variations and the change in declination make it difficult to use the sun compass alone (18, 48, 56, 57) . Use of the sun as a chronometric orientation reference is certainly simpler at intermediate latitudes, but the question of how the animals compensate for the hourly variation of the sun's azimuthal speed is still being investigated. Insects and birds with homing and sun compass abilities, which can move away from home even for great distances and for long periods of time, seem to possess the ability of differential compensation for the apparent solar motion. In other words, since the azimuthal speed of the sun is not constant during the day or during the Releases in a confined environment. B, schematic representation of the angle the animals should assume with respect to the sun, at three hours of the day, after being kept in a L:D 12:12 cycle corresponding to the natural one; C, result of the releases (controls); D, schematic representation of the angle the animals should assume with respect to the sun, at three hours of the day, after being kept in a L:D 12:12 cycle anticipated by 6 hours with respect to the natural one (in brackets the subjective time); E, result of the releases (clock-shifted). Black triangle outside the distributions, home beach seaward direction; open triangle, expected direction for clock-shifting experiment. The arrow inside each distribution represents the mean vector (length varies between 0 and 1 = radius of the circle); black dots, sandhoppers' directions (each dot represents one individual). The symbol of the sun corresponds to the sun's azimuth at the moment of release. Sample size, n, V test value, u, with the probability level, P, are also given. The distributions were analysed with the procedures proposed by Batschelet (47) . year, they appear to have a type of ephemerids function that allows them to return home by taking account of the variations in the sun's azimuthal speed for that day and latitude, without committing errors that might derive from non-differential solar compensation (58) (59) (60) (61) (62) (63) (64) .
In sandhoppers, experiments of solar orientation in freshly collected adult individuals performed in two different periods of the year showed an excellent correspondence between the theoretical curve for perfect compensation for the sun's azimuthal variation and the mean directions assumed by the animals (20) . Therefore, it was hypothesized that the speed of this mechanism varies not only during the year but also during the day, and in this way theoretically perfect compensation for the sun's azimuthal variation (= differential compensation) can be achieved. Considering that sandhoppers move away from the wet band of sand only for a few minutes during the day (often only for a few seconds) and that they do not have homing mechanisms (the zonal orientation is unidirectional, see 65), I recently proposed an alternative model, simpler than that of differential compensation (66, 67) . In this model, the chronometric mechanism of the sun compass compensates for azimuthal variation of the sun at a constant speed, according to the following formula:
in which EY L-S (t) is the expected Y axis (landward or seaward) direction (expressed in degrees from North) that the sandhoppers must assume after t minutes from sunrise, AZs(t) is the sun's azimuth at the time of the release. The angular speed of correction K is K = (AZsS-AZsR) / ML where AZsS and AZsR are the azimuths of the sun at sunset and sunrise respectively, ML indicates the minutes of light from sunrise to sunset. If the sun's azimuthal speed is not constant during the day (e.g. around the equinox), EY will assume a curvilinear form (and not a horizontal line) because of the discrepancy between the speed of the compensation mechanism and the azimuthal speed of the sun.
Therefore, since the speed of compensation is determined on the basis of the relationship between the sun's azimuthal variation from dawn to sunset and the hours of light, the part of the ephemerids the sandhopper should know is restricted to the total amount of degrees the sun passes through in a certain day or period of the year, during the period of light. Information about the hours of light can very well be obtained by direct observation the day, or several days, before.
The model allows one to predict the amplitude and direction of oscillations of the theoretical directions around the Y axis of the home beach at various hours of the day. In the case of differential compensation, there should be no oscillation.
Experiments conducted far from the sea, in a confined environment, with adults collected about 20 days before ( figure 4B) showed that the pattern of the mean angles during the day was sinusoidal, in good agreement with the theoretical pattern predicted by the model. Instead, the pattern of the mean angles deriving from releases of adults collected the day before the experiment was not sinusoidal but more rectilinear ( figure 4A ). That sandhoppers use the ratio between azimuthal variation of the sun and hours of light to establish the speed of solar compensation is supported by the results of the following experiment (66) . Adult sandhoppers collected about 20 days before were subjected for 10 -15 days to a cycle of artificial illumination L:D = 4:20, with the subjective noon in phase with the natural noon of the experimental site. In this way, the period of light was greatly reduced (from more than15 hours to 4 hours). Therefore, according to the model, the chronometric mechanism should accelerate to about 62°/hr ( figure 4C, line b) . In fact, the mean directions recorded in the experiments significantly agreed with the theoretical line (R 2 = 0.485, n = 28, P<0.001, circular correlation). It should also be noted that the distribution of locomotor activity recorded during the L:D = 4:20 cycle agreed rather well with that of the imposed L:D rhythm.
The moon compass
The other astronomical orientation factor used by sandhoppers is the moon. However, the moon also presents some theoretical difficulties in its use as a chronometrically based orientation reference: it is not always visible during the synodic cycle, it is not always visible at the same hour and at the same azimuth, and it does not always present the same shape. These characteristics, together with the fact that among invertebrates a chronometrically compensated lunar orientation has been shown only in some species of sandhoppers (51, (68) (69) (70) (71) (72) , has produced a great deal of scepticism towards the results achieved (see 73, 74) .
Recently, experiments of lunar orientation have been resumed using different techniques. Releases in the plexiglas bowl occurred in the presence of sea water (about 1 cm) which motivates the sandhoppers to assume the ecologically effective direction. This overcomes the problem of the high degree of environmental humidity at night which decreases the motivation for orientation in sandhoppers previously dried for several minutes. Moreover, observation of the experimental subjects did not occur directly nor with the use of flash-illuminated photos. Instead, an infrared-sensitive videocamera situated beneath the bowl was used. Since some species of sandhoppers can use the natural magnetic field to assume a certain direction (see 18) , the releases were carried out in an artificial magnetic field able to cancel the horizontal component of the natural magnetic field.
The experiments were performed at different hours of the night under a full moon, with adults collected during the previous new moon. They fully confirmed the existence of chronometrically compensated lunar orientation, independent of the possible use of the magnetic reference ( figure 5A ). The classic experiment of Santschi (75) , in which the image of the moon (in our case) was reflected onto the animals from a randomly chosen azimuth while the true moon was screened, clearly showed that the lunar disk is used as an orientation factor (figure 5B). In fact, the mean direction of the sandhoppers was diverted by 84° with respect to that of the controls tested under the true moon.
That the shape of the moon is not a determinant factor for correct orientation was confirmed by experiments performed during the lunar eclipse of 1997 (76, figure 5C ),: it is obvious that the individuals were able to maintain a good orientation toward the ecologically effective direction despite the variations in the moon's shape. In addition, preliminary tests seem to indicate that the lunar clock works continuously throughout the synodic month. In fact ( figure 5D ), in the experiment during the new moon phase, in which the beam of an electric torch simulating the moon (otherwise invisible) was projected onto the animals from a randomly chosen azimuth, the sandhoppers assumed an angle of orientation with respect to the light stimulus comparable to that between the true moon and the ecologically effective direction, and thus in agreement with the theoretically expected direction for lunar orientation based on the true moon's azimuth at the time of the experiment. That the electric torch was used as an orientation reference (being confused with the moon) was confirmed by the results of an experiment in which vision of the full moon was screened from the animals in the bowl and the torch beam was projected onto them from a randomly chosen azimuth. As seen in figure 5E , the mean direction of the individuals was diverted by a number of degrees (60°) comparable to that between the azimuth of the screened true moon and the azimuth of the false moon (62°).
It has been known for many years that the direction of the Y axis of the beach and the mechanism of compensation for the apparent solar motion are innate (77) (78) (79) . Recent experiments with young T. saltator born in the laboratory and exposed to the natural sky only at the time of the experiments seem to show an innate ability of lunar orientation (figure 6).
Relationship between the sun and moon compasses
The relationship between the chronometric orientation mechanism regulating solar compensation and the one regulating lunar compensation was investigated by subjecting adult individuals of T. saltator to a L:D rhythm with a duration corresponding to that of the natural one but anticipated with respect to the latter so as to obtain an expected deflection of the orientation of 90°. Contemporaneously, another group of individuals was subjected to an artificial moon consisting of a small light bulb (diameter = 3 mm, irradiance = 0.1 micro watt cm -2 ) that was illuminated in relation to a synodic cycle anticipated by 7 days with respect to the natural one. In practice, when the sandhoppers were tested under the full moon, the lunar phase of the artificial cycle corresponded to the first quarter ( figure 7A, also see 80) . The controls were subjected to artificial L:D and lunar cycles with duration and phase corresponding to the natural ones. The experimentals and controls were released in the usual apparatus, both during the day (sun) and at night (full moon).
The results clearly showed that the experimentals with a clock-shifted L:D rhythm, tested under the sun, showed the deflection predicted on the basis of the clockshifting (figure 7B) while other individuals of the same group tested at night were oriented in the same way as the controls ( figure 7D ). In contrast, the individuals with a clock-shifted lunar cycle showed a mean direction that agreed well with the expected one for the clock-shifting if tested under the moon (figure 7E), while they did not show any substantial deflection with respect to the controls if tested under the sun (figure 7C).
CONCLUSIONS AND PERSPECTIVES
Periods of locomotor activity with some relationship to the synodic cycle are very widespread in marine invertebrates. However, at least in littoral arthropods, most of the studies have dealt with the relationship between activity rhythms and a more macroscopic effect that the moon has on this environment: the tides (see 7, 8, 81) ; in addition to the periodicity of about 12.4 hours (tidal), a circalunidian activity rhythm (of about 24.8 hours) was also found fairly recently (see 82). A generalized presence of endogenous circatidal or circalunidian rhythms of locomotor activity has not been found in sandhoppers, despite the strong similarity of the environments inhabited by the various species and the (highly) probable similarity of the orientation mechanisms used in zonal recovery.
On the other hand, it is true that various types of rhythms with circatidal, semilunar, etc. periodicity are observed in many species of amphipods (e.g. see 83-87.) . However, since the phylogenetic relationships within the amphipods and the Gammaroidea have not been completely clarified (88, 89) we can only hypothesize that in sandhoppers the chronometric mechanism controlling lunar orientation (which seems to be separate from the mechanism for solar compensation) is effectively controlled by a clock with circalunidian or circatidal periodicity of ancient origin and different function; on the basis of the ecological requirements of many sandhopper taxa (inhabitants of the supralittoral near the high tide limit), it could have been used by them to maximize the straightness of their movement along the Y axis of the sealand ecotone.
Moreover, some preliminary studies (76, 90) indicate that, as for the sun compass (17) , the ecologically effective direction and the mechanism of chronometric compensation of the lunar compass are innate in T. saltator.
The relationship between the chronometric mechanism controlling circadian locomotor activity and the one controlling solar compensation certainly deserves to be more thoroughly studied. Yet at present, it is sufficiently clear that the endogenous mechanism regulating solar orientation functions throughout the 24-hr period and is entrained by the same stimulus (light-dark alternation) that controls the circadian activity rhythm. Therefore, it is probable, as shown already in birds (see 73) and hypothesized by Bregazzi and Naylor (30) for sandhoppers, that in T. saltator the same mechanism regulates both the circadian locomotor activity and the solar compensation.
Regarding the lunar clock, there have been no studies relating the ability of compensation for lunar motion and the semilunar rhythm of locomotor activity in T. saltator. On the basis of preliminary studies, it seems that the chronometric mechanism of lunar compensation in adults functions throughout the synodic month (experiments in the new moon phase) and that vision of the moon could be one of the factors of entrainment (clockshifting experiments). In young inexpert sandhoppers, the zeitgeber regulating the innate ability to use the moon as a chronometrically compensated orientation factor is not known; however, in view of what has just been said, vision of the lunar disk could be an instantaneous entraining factor.
It is also interesting that the irradiance level at which T. saltator recognizes dawn as the important zeitgeber (about 1-10 lux) is greater than that of the full moon (0.3-0.8 lux). Therefore, moonlight is not a source of disturbance for the recognition of dawn by sandhoppers, which however are able to use the moon as a nocturnal orientation factor.
Since the two chronometric mechanisms are separate and the clock-shifting of animals in conditions of free running activity rhythm is not corrected by an irradiance level of about 0.5 lux (comparable to the intensity of moonlight) (see 14, 39) , it can be hypothesized that the chronometric mechanism regulating lunar orientation is independent of the one controlling locomotor activity, which instead is related to the one regulating solar compensation.
The experiments conducted under the sun during the subjective night and the releases performed both at night and during the day with natural and artificial illumination (77, 80, 91, 92) raise the interesting question of identification of the factors of astronomical orientation by sandhoppers. Given the relative lack of information, this subject cannot be included in the present review. However, it is appropriate to mention briefly that preliminary results seem to indicate an interrelationship between intrinsic characteristics of the orientation factor and the time of day (92) .
During the day, it is of primary importance that the sandhoppers avoid stress from desiccation due to the high temperatures that can occur on the beach, combined with low levels of relative humidity (20) . At night, however, these factors are rarely limiting. This is shown by the fact that at night the sandhoppers perform foraging excursions even some tens of meters away from their preferred zone. Therefore, the selective pressures that led to the lunar orientation (or at least some of them) are not the same as those operating during daytime. At night, use of the moon for zonal orientation is probably necessary to avoid biological stress factors. Although sandhoppers do not have specific predators, many invertebrates and vertebrates feed on them more or less occasionally (see [93] [94] [95] and it is known that sandhoppers play an important role in the energy flow of sandy littoral ecosystems (96) .
Biological stress factors, along with the other non-biological stress factors already mentioned, may also have led to the refinement of the sun compass: escaping in a line perpendicular to the shoreline (the shortest route away from it) or returning to the preferred zone as quickly as possible would favour an individual's possibility of survival. However, to accomplish this, an optimisation of the ability of solar orientation, in terms of perfect compensation for the sun's motion, is not strictly necessary. For instance, in some species of Cataglyphis and Polyergus ants, it is certainly important to minimize the error of orientation deriving from a hypothetically imperfect solar compensation, since the consequence would be not being able to find the nest (punctiform destination), possibly with serious damage to the whole colony (97, 98). In sandhoppers, this problem does not exist since the destination is planar (the band of wet sand of the beach) and is easily reached when the animal is oriented in the right direction. Thus the error produced by non-differential compensation would be small, given the short movements occurring during the day and the potent backup systems of solar orientation (vision of the landscape, inclination of the substrate, natural magnetic field, see 18, 99, for reviews). Therefore, solar compensation in intertidal animals forced to move along the sea-land axis to remain in a zone with certain physico-chemical characteristics probably involves a simpler mechanism than the one required by central place forager arthropods.
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